Molecular dynamics simulations of intergranular films (IGFs) containing Si, O, N, and Ca in contact with three different types of surface terminations of Si 3 N 4 were performed using a multi-body interatomic potential. IGFs with the same Ca concentration (12 mol% CaO) but different nitrogen concentrations [N/(N+O)= 0, 15, 30, and 50%] were studied. In all 12 IGFs, Ca ions do not compete with the first adsorbed layer of Si at the IGF/basal crystal interface, but do so at the IGF/prism crystal interface. The simulations show the epitaxial adsorption of Si, O, and N from the IGF onto the basal and prism crystal surfaces. While it is expected to see more adsorbed N as nitrogen concentration increases, there is a significantly larger number of N adsorbed to the basal surface than to the prism surface. It is found that Ca ions sit closer to the prism surface than the basal surface, but move closer to the crystal at both surfaces with the increasing nitrogen concentration, although the effect is more pronounced at the basal interface. With the increase of nitrogen concentration, the percentage of two-coordinated oxygen remains about the same, but there is a change in the type of defect oxygen present. In all the simulations, the central position of the first peak in the Si-O PDF ranges from 1.63 Å to 1.65 Å, and those of Si-N PDF ranges from 1.71 Å to 1.73 Å, both consistent with experimental findings. Furthermore, the first peak of both the Si-O and Si-N PDF shifts to larger values as the nitrogen concentration increases, indicating the elongation of the Si-O and Si-N bond in the IGF with the increase of nitrogen concentration. Both the elongation of the Si-N and Si-O bonds could lead to weakening of the IGF as nitrogen concentration increases, although competing changes in bonding of the O complicate the effect of N addition on the strength of the IGF.
I. Introduction
Silicon nitride (Si 3 N 4 )-based materials are important structural ceramics for hightemperature applications due to their attractive mechanical properties, which are strongly influenced by the chemistry and microstructure of the grain boundaries (GB) and the GB phase [1] [2] [3] [4] . At a two-grain GB in Si 3 N 4 ceramics, there typically exists a thin amorphous intergranular film (IGF) of about 1 nm thickness, with main constituent elements dramatically different from those in the bulk. Electron energy-loss spectroscopy (EELS) investigations of GB films in Si 3 N 4 ceramics have demonstrated that it is important to analyze nitrogen (the main constituent in the bulk) in the IGF, in order to understand the behavior of the IGF [5] [6] [7] . It has been found that nitrogen concentration in the IGF largely exceeds the solubility limit in bulk SiO 2 glass 8 . In the IGF, the anion% N/(N+O) is reported to be approximately 30% 7 .
Due to the glassy nature of the IGF and its thin nanometer-scale thickness, it has been experimentally difficult to gain detailed understanding the atomistic structure of the IGF. On the other hand, computational techniques have recently offered an important additional approach to studying various properties as well as the atomistic structure of the IGF [9] [10] [11] [12] [13] [14] . In particular, molecular dynamics (MD) simulations have been used to investigate the atomistic structure of calcium silicate IGF between Si 3 N 4 crystals 13, 14 .
II. Computational Procedure
Molecular dynamics simulations were performed to simulate Si 3 N 4 ceramics containing IGF with CaO and different nitrogen concentrations. A multibody interatomic potential was used to describe the interactions between atoms in the system. The total potential energy of the system is composed of contributions from two-and three-body interactions:
where V ij BMH is two-body part, i.e., the modified Born-Mayer-Huggins (BMH) pair potential, and V jik 3−body is the three-body part.
The two-body BMH pair potential is given as 
where r ij is the separation distance between atoms i and j, e the elementary charge, z i and z j are the full ionic charges, and erfc is the complementary error function. The values of the parameters A ij , β ij and ρ ij for each pair type are listed in Table I . These parameters are slightly different from those used in our previous work 13 and have been validated with experimental data of crystalline silicon oxynitride (Si 2 N 2 O) 15 . Ionic charges for silicon, oxygen, nitrogen and calcium ions are +4, -2, -3 and +2, respectively.
The 3-body potential is a penalty function, i.e., it increases the energy when the bond angle between covalently bonded species deviates from the preferred value. Such 3-body potential is applied to all first neighbor triplets of the type (Si/Ca-O-Si/Ca, Si-N-Si, and O/N-Si-O/N), with the following functional form:
if r ij < r ij 0 and r ik < r ik 0 ; V jik 3−body = 0 otherwise.
The angular part, Ω jik , has the following definition:
where θ jik is the angle formed by the atoms j, i, and k, with the atom i at the vertex. No 3-body potential is applied to calcium as the central atom, because the bonding of Ca is predominantly ionic. The values of the parameters used for the 3-body potential are listed in Table II .
The fifth-order Nordsieck-Gear predictor-corrector algorithm was used to solve Newton's equation of motion. Simulations with both NVE (microcanonical ensemble) and NpT (canonical ensemble) were performed. NpT simulations were carried out by using a modified Berendsen algorithm 16 to take into account non-isotropic conditions 17 .
In the current work, an interface system was created by forming a glassy intergranular film from an initially random stoichiometric mixture of glass atoms in contact with two crystal surfaces of β-Si 3 N 4 . IGFs containing CaO and different nitrogen concentrations, i.e., the anion% N/(N+O), of 0, 15, 30, and 50%, were studied. The calcium concentration in the IGF is 12 mol% CaO/(CaO + SiO 2 ). The details of all 12 samples simulated in this work are listed in Table III . Subsequently, these systems were quenched to 8000 K, and 6000 K, and then cooled to 4000 K.
These simulations were performed with the x and y dimensions held constant and a stress of 5
GPa applied parallel to the z-axis. Because of the PBC in the z dimension, the atoms in the IGF relaxed to the appropriate dimension for the number of atoms and given conditions. During this process, all atoms in the Si 3 N 4 crystals were initially immobilized from 10000 K to 4000 K.
These atoms were then released and allowed to relax in the presence of the IGF from 3000 K to 300 K. At 3000 K, the crystals were released to allow for interchange of species between the crystals and the IGF, and the systems were then quenched to 2000 K under a stress of 3 GPa applied parallel to the z-axis. Next, the systems were cooled to 1000 K, and then to 300 K, under
NpT conditions with a constant pressure of 0.1 MPa. Throughout the simulations, a simulation time step of 1× 10 -15 s was used.
Density profiles of each species as a function of distance perpendicular to the crystal/IGF interface were determined fro a time average at 300K. Coordination numbers of the number of Si around O were determined using an Si-O cut-off of 2.0Å, which is the first minimum after the first maximum in the pair distribution function. The cut-off for Si-N near-neighbors was 2.2Å in the calculations. Structural data was also time and number averaged at 300K. bond. The number density of missing N-c sites in the basal surface is larger than that in the prism surface, as inferred from the density profiles. As a result, the basal surface tends to adsorb more N-g ions than the prism surface.
III. Results and discussion
In the IGF region of Fig. 4 , the peaks decrease in intensity as a function of distance from the IGF/crystal interface. This decay is modified by the presence of the Ca ions in the calciadoped IGFs. In all these cases, Ca ions do not segregate to the first cation peak at the IGF/basal crystal interface, contrary to the case of the calcium silicate IGFs between basal planes in alumina, where Ca additives segregated preferentially into the ordered Al 2 O 3 /SiO 2 interface. 18 However, nitrogen concentration may affect how close to the basal and prism surfaces those Ca ions can be in the z direction. 
IV. Conclusions
We performed MD simulations of IGF containing Si, O, N, and Ca in contact with three different types of surface terminations of Si 3 N 4 , using a multi-body interatomic potential. We 
